Introduction
Erythropoietin (EPO), a 30.4 kDa growth factor, is mainly produced in the kidney and stimulates erythropoiesis in bone marrow. 1 Recombinant human EPO is an effective treatment for anemia of various origins, including anemia associated with renal failure 2 and cancer-related diseases. 3 The major function of EPO is mediated by a specific cell-surface receptor, EPO receptor (EPOR). In multiple tissues, the expression of EPORs has been correlated with the effectiveness of EPO in nonhematopoietic tissues, including the brain 4 and peripheral tissues. 5, 6 Furthermore, in the heart, EPO protects cardiomyocytes against ischemic injury, 7 and this nonhematopoietic effect is described as a pleiotropic action of EPO. 8 In clinics, EPO is widely used in hemodialysis for patients with nephropathy, mainly due to diabetes, and this application established the need for critical exploration of the interplay between EPO and glucose in the absence of clinical problems. 9 Hyperglycemia is a central factor in the induction of diabetic disorders, including nephropathy.
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Earlier glycemic control reduced the incidence of diabetic nephropathy, 11 and hyperglycemic damage to mesangial cells is implicated in the development of diabetic nephropathy. 12 EPO is widely used in diabetic patients with chronic kidney disease. 13 The positive effect of EPO on glucose homeostasis was reported during the hemodialysis in clinics. 8 In addition, the effects of EPO on lipid metabolism 14 and glucose intolerance 15 were also observed. Therefore, the effect of EPO on diabetes has been researched, and the results were summarized in a recent review article. 16 However, fewer studies have been conducted on EPOinduced reductions in hyperglycemia, except one study demonstrating the effects in mice. 17 Therefore, in the present study, we investigated the effect of EPO on hyperglycemia using type 1-like diabetic rats with severely diminished circulating insulin levels. 18 
Materials and methods experimental animals
Male Wistar rats weighing 260-280 g were obtained from the Animal Center of National Cheng Kung University Medical College. All rats were housed individually in plastic cages under standard laboratory conditions. The rats were maintained under a 12-hour light/dark cycle and had free access to food and water. All experiments were performed under anesthesia with sodium pentobarbital (35 mg/kg, intraperitoneal [ip]), and all efforts were made to minimize the animals' suffering. The animal experiments were approved and conducted in accordance with local institutional guidelines for the care and use of laboratory animals at Chi-Mei Medical Center. The experiments conformed to the Guide for the Care and Use of Laboratory Animals as well as the guidelines of the Animal Welfare Act.
induction of animal model
As described in our previous report, 19 overnight fasted rats were intravenously (iv) injected with streptozotocin (STZ; 60 mg/kg) dissolved in 0.1 mmol/L citrate buffer (pH 4.5). One week later, blood samples from each rat were used to determine the glucose and insulin levels. Hyperglycemia and hypoinsulinemia were used to identify the success of this model, as described previously, 19 and no mortality was observed during this induction.
Drug treatment
The stock solution of EPO containing epoetin beta (Recormon, 5,000 IU/0.3 mL) purchased from Roche (Mannheim, Germany) was diluted in 9% normal saline. Antibodies for EPORs (Santa Cruz, Heidelberg, Germany) were used to block the EPORs. A fresh solution diluted to the indicated dose was applied to treat the animals. To rule out pharmacokinetic factors, EPO was iv injected at the indicated dose into anesthetized animals. The changes were then used for comparison with the control that was treated with the same volume of vehicle.
laboratory measurements
The plasma glucose level was measured as described in our previous study. 19 Blood samples (0.2 mL) were collected from the femoral vein of rats under anesthesia with sodium pentobarbital (35 mg/kg, ip). The blood samples were then centrifuged at 13,000 rpm for 3 minutes, and an aliquot (15 μL) of plasma was added to 1.5 mL of glucose kit reagent (Biosystems SA, Barcelona, Spain) and incubated at 37°C for 10 minutes. The concentration of plasma glucose was measured in an analyzer (Quik-Lab, Ames; Miles Inc, Elkhart, IN, USA). The plasma insulin level was measured using a commercially available enzyme-linked immunosorbent assay kit (Linco, St Charles, MO, USA).
intravenous glucose tolerance test
The intravenous glucose tolerance test (IVGTT) was performed according to our previous method with some modifications. 20 Briefly, the rats fasted for 8 hours, and the basal plasma glucose concentration was obtained from samples from the femoral vein of rats under anesthesia. A saline EPO solution at the indicated dose or the same volume of saline was injected into the femoral vein of rats. Thirty minutes later, blood samples (0.1 mL) from the femoral vein were drawn, and this time point was indicated as 0 minute. Next, 0.5 g of glucose dissolved in 1 mL of saline was iv administered to rats at 0.5 g/kg. In another group, which served as the control, rats receiving a similar injection of saline at the same volume were used. Blood samples (0.1 mL) from the femoral vein were drawn 5, 10, 20, 30, 60, 90, and 120 minutes after the oral glucose loading for the plasma glucose measurement. The rats were maintained under anesthesia by pentobarbital (30 mg/kg, ip) throughout the experiments. Changes in the reduction of blood glucose (area under the curve [AUC]) were compared to determine the effect of EPO.
analysis of insulin sensitivity
After fasting overnight, all rats were challenged with exogenous insulin. Similar to our previous method, 21 the insulin challenge test was performed by an iv injection of short-acting human insulin at the indicated dose in rats. Blood samples (0.2 mL) from the femoral vein were drawn following the iv insulin challenge to measure the plasma glucose concentrations. 
Western blotting analysis
The expression of metabolic regulatory signals in skeletal muscle or liver was examined using Western blot analysis as described in our previous report. 19 In brief, ice-cold radioimmunoprecipitation assay buffer containing phosphatase and protease inhibitors (50 mM sodium vanadate, 0.5 mM phenyl methyl sulfonyl fluoride, 2 mg/mL aprotinin, and 0.5 mg/mL leupeptin) was used for protein extraction. The protein concentrations were then measured using a bicinchoninic acid protein assay kit (Thermo Fisher Scientific Inc, Waltham, MA, USA). The total protein samples (30 μg) were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10% acrylamide gel) using the Bio-Rad Trans-Blot system (Bio-Rad, Hercules, CA, USA) and then transferred to membranes. The membranes were blocked with 5% nonfat milk in Tris-buffered saline containing 0.1% Tween 20 (TBS-T), incubated for 60 minutes, and then hybridized with primary antibodies specific to phosphoenolpyruvate carboxykinase (PEPCK) (Santa Cruz Biotech, Dallas, TX, USA) or glucose transporter 4 (GLUT4; Abcam, Cambridge, UK) and phospho-AMP-activated protein kinase (AMPK) or AMPK (Cell Signaling Technology, Beverly, MA, USA) at suitable concentrations in TBS-T for 16 hours. The membranes were then incubated with secondary antibody for an additional 3 hours. Incubation with secondary antibodies and detection of the antigen-antibody complex were performed using an enhanced chemiluminescence kit (Amersham Biosciences, Little Chalfont, UK), and β-actin (Merck Millipore, Darmstadt, Germany) was used as the internal control. After comparison with the marker to confirm specificity, the immunoblots of each spot were quantified with a laser densitometer.
statistical analysis
Data are expressed as the mean ± standard error of the mean. Statistical analysis was performed using one-way analysis of variance and Newman-Keuls post hoc analysis. P-values of 0.05 or less were considered significant.
Results
reduction of hyperglycemia by ePO in type 1-like diabetic rats
To understand the direct effect of EPO on glucose homeostasis, we employed rats with STZ-induced type 1-like diabetes as described in our previous report. 19 Two weeks after the STZ injection, the rats became type 1-like diabetic, showing plasma glucose levels equal to or greater than 300 mg/dL. In addition, the plasma insulin level in STZ-induced diabetic rats was only 4% less than that in normal rats. Therefore, mediation by endogenous insulin is negligible in this type 1-like diabetic model, as described previously. 19 Iv injection of EPO induced a marked reduction of hyperglycemia 30 minutes later, and this decrease was enhanced with time; it reached a plateau from 60 to 90 minutes later. At 120 minutes postinjection, this action of EPO gradually reversed, except at the highest dose. As shown in Figure 1 , 60 minutes after the injection, EPO attenuated the hyperglycemia in the diabetic rats lacking insulin in a dose-dependent manner. After washout of the EPO, the hyperglycemia returned in these rats, and no irreversible action was observed. In addition, the hematocrit (43.53%±4.63% vs 43.66%±2.06%, N=8) and the number of red blood cells (6.79±0.28×10
6 /μL vs 6.99±0.46×10
6 /μL, N=8) were not modified by EPO at the highest dose in the treated diabetic rats.
Blockade of ePO-induced hypoglycemia by antibodies specific to EPO receptors in type 1-like diabetic rats A specific pharmacological antagonist for the EPO receptor has still not been developed. Therefore, as an alternative method, we employed antibodies specific to the EPOR to block the EPOR sites. As shown in Figure 2 , the action of EPO was markedly inhibited by the pretreatment with antibodies specific to EPORs in diabetic rats, indicating that receptor activation mediates the EPO-induced actions.
effect of ePO on iVgTT in Wistar rats
To evaluate the direct effect of EPO on glucose utilization, we performed an IVGTT as described previously. 20 Thirty minutes after injection of EPO at the indicated dose, the plasma glucose values in blood samples were measured as Compared with the vehicle-treated group, the EPO-treated group had a significantly lower plasma glucose concentration, particularly at 60 and 120 minutes ( Figure 3A) . The AUC for the change in plasma glucose was calculated, as shown in Figure 3B , and EPO was found to cause a dose-dependent reduction in plasma glucose. Essentially, hyperglycemia may induce insulin secretion. Then, the plasma insulin level was associated with blood glucose changes. Because the peak action of EPO was observed at 60 minutes in the IVGTT, we also determined the insulin level at the same time point and found that the plasma insulin was markedly (P0.05) increased from 1.42±0.10 μg/L (N=8) to 2.96±0.07 μg/L (N=8). However, there was no difference in plasma insulin between the EPO-treated group (2.89±0.09 μg/L; N=8) and the vehicle-treated group (2.96±0.07 μg/L), which suggested that the effect of EPO on IVGTT is not mediated by endogenous insulin in rats.
ePO-induced enhancement of insulin sensitivity
To understand the effect of EPO on insulin sensitivity, we investigated the responses to exogenous insulin, as previously described. 5 As shown in Figure 4 , the dosedependent hypoglycemia induced by exogenous insulin was also enhanced by EPO in diabetic rats. In particular, the response to higher doses of insulin was more markedly increased by EPO.
effect of ePO on glUT4 changes in the skeletal muscle of sTZ-diabetic rats Through our previously described method, 19 the protein levels of GLUT4 in the skeletal muscle of these diabetic rats were determined. STZ-diabetic rats were treated with EPO (0.5 mg/kg/d) for 1 week. Then, the STZ-diabetic rats were sacrificed by decapitation under anesthesia, and the soleus muscle was immediately isolated for Western blots. Similar to our previous report, 20 the GLUT4 protein level in the soleus muscle was markedly reduced in STZ-diabetic rats ( Figure 5A ). Treatment of STZ-diabetic rats with EPO (0.5 mg/kg/d) for 1 week resulted in an elevation of the GLUT4 protein level in the soleus muscle ( Figure 5A ). Therefore, EPO was found to demonstrate an elevation of GLUT4 expression in the skeletal muscle.
AMPK mediates the signaling of EPORs. 16 Therefore, we also investigated the changes in phosphorylated AMPK (p-AMPK) in the skeletal muscle. As shown in Figure 5B , p-AMPK was markedly reduced in the soleus muscle 
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erythropoietin ameliorates hyperglycemia in type 1-like diabetic rats of the STZ-diabetic rats. Repeated treatment with EPO resulted in an increase in p-AMPK ( Figure 5B ) similar to the GLUT4 changes described earlier. Therefore, the EPO-induced changes in p-AMPK were similar to the GLUT4 expression changes in the skeletal muscle of diabetic rats.
effect of ePO on the hepatic PePcK changes in sTZ-diabetic rats
After the injection of EPO (0.5 mg/kg/d) for 1 week, livers were also isolated from STZ-diabetic rats. In the Western blots, as shown in Figure 6A , the PEPCK protein level in the liver of STZ-diabetic rats was markedly increased to approximately twofold that in the normal rats. EPO produced a marked attenuation of the PEPCK protein level in diabetic rats ( Figure 6A ). This finding suggested that EPO improves diabetes via inhibition of hepatic PEPCK.
In addition, we also evaluated the changes in p-AMPK in liver tissues. As shown in Figure 6B , p-AMPK was significantly decreased in the livers of STZ-diabetic rats. After the same treatment as described earlier, EPO increased the levels of p-AMPK ( Figure 6B ). Therefore, it can be speculated that EPO increases p-AMPK in liver, thus reversing the expression of PEPCK in diabetic rats.
Discussion
In the present study, we found that EPO attenuated hyperglycemia dose-dependently in type 1-like diabetic rats. In addition, blockade of the action of EPO using antibodies specific for EPORs indicated that this effect was mediated by EPOR activation. Thus, an insulinotropic action of EPO was identified in diabetic rats lacking insulin. Moreover, the insulin sensitivity was also enhanced by EPO. Therefore, similar to the suggestions in a recent review article, 16 EPO targeting for diabetes should offer the greatest promise for novel therapeutic strategies.
A bolus injection of EPO attenuated hyperglycemia in a dose-dependent manner, and this finding is consistent with the action of EPO in mice. 17 In addition, hematopoietic parameters, including hematocrit and the number of red blood cells, were not modified by EPO treatment in diabetic rats. A nonhematopoietic action of EPO can thus be considered. Figure 5 ePO-induced changes in glUT4 expression (A) and aMPK phosphorylation (B) in the soleus muscle of type 1-like diabetic rats. Notes: changes in glUT4 expression (A) or phosphorylated aMPK (p-aMPK) (B) in rats with sTZ-induced diabetes are shown as "sTZ" for comparison with the changes in normal rats, "normal". in addition, the ePO effects on diabetic rats are shown as "sTZ + ePO" for comparison with diabetic rats that received vehicle only (sTZ + Vehicle). representative immunoblots are shown in the upper portion, and the relative expression levels of glUT4/actin or p-aMPK/aMPK are shown in the lower column (mean ± se). The data were obtained from six animals. *P0.05 and **P0.01 compared with "normal". Abbreviations: aMPK, aMP-activated protein kinase; aMP, adenosine monophosphate; ePO, erythropoietin; glUT4, glucose transporter 4; se, standard error; sTZ, streptozotocin. Furthermore, role of EPORs was investigated using the antibodies specific to EPOR as an alternative method, owing to the lack of a pharmacological antagonist. Basically, antibodies specific to receptor are usefully applied to identify the presence of receptors 22 and to block the functions of receptor. 23 Therefore, we employed antibodies specific to EPOR as the blocker in accordance with our previous report. 24 As shown in Figure 2 , the antibodies specific to EPOR inhibited the action of EPO, thus demonstrating that receptor activation mediates the EPO-induced hypoglycemia in diabetic rats lacking insulin. EPO-induced hypoglycemia has also been demonstrated in patients with type-1 diabetes. 13 In addition, a positive effect of EPO on glucose homeostasis was observed in patients receiving hemodialysis. 8 Therefore, EPO is useful in the reduction of hyperglycemia.
Regarding the possible mechanism(s) for EPO-induced attenuation of hyperglycemia, using the IVGTT, we found that EPO increases glucose utilization in a dose-dependent manner ( Figure 3B ). This result is consistent with a previous report regarding the EPO-induced improvement of glucose intolerance in diet-treated rats. 15 Moreover, this pleiotropic action of EPO is not associated with endogenous insulin, indicating an insulinotropic action of EPO. Therefore, an increase of glucose utilization seems to be responsible for the reduction of hyperglycemia in the diabetic rats. Essentially, antioxidant-like substances are associated with the reduction of hyperglycemia in animals. 21, 25 EPO has been demonstrated to show antioxidant-like activity. 16, 26 Therefore, reduction of hyperglycemia induced by a bolus injection of EPO seems to be related to the antioxidant-like action, although more investigations are required to support this view. In addition, EPO enhanced the insulin sensitivity in diabetic rats. This result is reasonable because EPO has been linked to many signals that occur after activation of receptors. 16 One of the marked signals associated with EPORs for glucose homeostasis is AMPK. 16 In the present study, we also found that repeated EPO treatment might increase the phosphorylation of AMPK in muscles and livers of diabetic rats. In clinics, metformin is widely used to treat diabetes owing to activation of AMPK. 27, 28 Therefore, it is clear that EPO is helpful in diabetes treatment.
A decrease in insulin-mediated glucose uptake caused by lower expression levels of GLUT4 has been documented in diabetic skeletal muscle, a major site for glucose disposal. 29 Also, EPO is important in the regulation of glucose. 30 In the present study, we found that repeated injection of EPO might reverse the decreased GLUT4 levels. This action is one of the potential mechanism(s) for the EPO-induced glucose uptake into muscles, which has been described previously in mice. 31 Interestingly, EPO also increased the levels of p-AMPK in the muscle isolated from diabetic rats. It has been established that activation of AMPK may enhance GLUT4 levels. 32 The current study is consistent with this view of the skeletal muscle in diabetic rats.
Hyperglycemia is a consequence of increased hepatic glucose output in concert with reduced peripheral glucose utilization in diabetes, and PEPCK is one of the key enzymes in the regulation of hepatic gluconeogenesis. 33 Moreover, insulin deficiency is clearly associated with a change in hepatic metabolism. 33 The production of EPO in the liver has been demonstrated. 34 In the present study, we identified a marked increase in PEPCK expression in the liver isolated from type 1-like diabetic rats. Repeated treatment with EPO attenuated the higher expression of hepatic PEPCK. Previously, modification of PEPCK by EPO has not been demonstrated. Therefore, this study showed for the first time that EPO could influence hepatic gluconeogenesis through a reduction in PEPCK expression. In addition, an increase in AMPK phosphorylation seems to be associated with the reduction in PEPCK expression in the liver of diabetic rats that received EPO treatment. Counteracting changes in PEPCK and AMPK have been reported during cell aging. 35 In addition, the natural product caffeamide also enhanced p-AMPK in liver to reduce the mRNA levels of PEPCK. 36 However, the molecular mechanism(s) for this integration is still unknown and needs to be investigated in the future.
Limitations
Limitations of this study included the results being focused on the insulinotropic action of EPO, particularly the in vivo actions. Other actions of EPO, including the changes in blood lipids and endocrine functions, need be investigated in future. Moreover, cellular actions of EPO are also required to be clarified in the future.
Overall, injection of EPO is helpful for managing diabetic disorders, particularly hyperglycemia-associated changes. This finding is consistent with the suggestions from a recent review. 37 Therefore, development of an EPO-like substance, either a peptide 31, 38 or a chemical compound, 39 is useful for diabetes treatment in the future. The development of the anatagonist(s) and/or specific blockers to EPOR will assist the research in actions of EPO in advance. New classification of EPOR subtypes can thus be speculated. Therefore, new agent(s) related to EPOR will be developed for the applications in medical therapies for both hematopoietic and nonhematopoietic disorders.
Conclusion
Taken together, our results suggest that EPO is effective in reducing hyperglycemia in rats with type 1-like diabetes. Our findings highlight the pleiotropic action and/or the insulinotropic action of EPO associated with receptor activation. Therefore, in addition to development of agonist for EPO receptors, the application of EPO in diabetes treatment can be considered in clinics.
